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John Crem Fillmore Doreett 
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Me Se, (Het) Mesacchuzetts Inatitute of Technology, 1949 


Depertment of Physics 
(Approved by Jamee C. Harris) 


the general problem wes to utilise & preportionsl 
sounter for observing nualesr reactions induced in proton 
bombardments by The Ohto State Univeraity Van de Greaff 
electrogtatia generator. 

She proportion®1 counter, ‘eaigned by Commender 
A. 3. Chilton, wae modified ond inproved by the eddition 
of © retotion collimator and eleatrostatia shield between 
the eenaitive volnme ond renation chamber. “The periioular 
problem investig*ted wag the eliatic sesttering of protons 
by ®rgon ges. “he gaseous turgmet ond filling goa of the 
counter were the eame: 90% arzon oni 107 co, under 50 mm 
(Hg) preagure. Seettering angele in the laboratory eysten 
wea 150°, A proton beam ourrent of about 0.2 - 0.3 
microampere? wea integreted in cyelea of 10.9 miaroconlombs. 
or «bout 60°90 counte per minute. 

Elastia seattering rate waa inveatigeted for proton 
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reaction energies from 719 to 1133 kev. “he general 
trend followed clovely the nredieted eceattering obtained 
by edding the cro@s-ecetions due to Goulomb notentisl 
and that due to & hard anhere type of sotttering. A 
definite anomely wes observed st 908 210 kev. Since the 
experimental resolution wea of the order of £0 kev., no 
attempt was méede to comoute the resonance width from the 
enerzy apresd of the extrema. <A secon? ren sonfirmed 
the existence Sné shene of the rnomely. “he energy of 
thie regonince in a agrees clovgely with Inveatigstiong 
made by Brostrdm, Haus, end Yooh in 1948 (Nature 162, 


695. ) 
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To Dr. James C. Herria psrtisulsr thanks *re due 
for gugzeating the problem énji fer his oontinval af- 
vise ond enooursgzemens through the trinle of getting 
ell appereati te funtion emoothly and gimnliteneourly. 

I wish to thank Comminder frthur B. Chilton ‘or hig 
original design 4nd aonstriuction of the provortionel 
sounter ond hie ravice in operating the eq ioment, ond 
Rr. John HN. Goorer for his ~or’s ef ensouragement, hie 
interest in the problem, end caévice tn oneretion of the 
Van d¢ Grenif generator. Tintlly, I would like to thank 
Kessre, Ottis Sranbell ond Ignee Seldukes for teoghni- 
etl :geletance in onerstion of the Van de Graaff. 

“hie work wes ofrried ous unier the augnioes of 
the United Ststea Bevel Poateredutte Sahool «* Monterey, 


Sezlifornia. 
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The problem {tn generel] wie to investigate eertrin 
proten induced resstiona uzing 2 sengitive and highly 
digoriminating proportional counter. The Van de Graeff 
generator at The Ohio State Univergity provites a gource 
of protons of fsirly digerete energies within the range 
of 0.3 end 1.5 Mev. ‘The retetiong iniuced in targeta mate 
of verious materials were to be detested by metns of a 
sensitive provortionil sounter. Then need with © linear 
foplifier hsving a Ailsorimineting airenit, e& method was 
provided for detecting snd Alesrimineting between proton 
groups or between protone tnd slinphe portieles. 

Originally, it whe plenned to inveatiaete the fp-a) 
reegtiong in light nuolel using e@ & térget very thin 
niekel or sepper foll. “ifflLeulties rere enoountere? in 
monitoring the beam with = golid terget installed, egpesl~ 
2lly ginoe the beam current hed to be kept down to the 
order of O.1 microempere to tvaid gatureting the sonunter 
with regoll protons. ‘uggeations for vorrecting thig 
aiffieulty sre disangrzed in Sention VI. Pending further 
wedifiestion of the target Sasembly, 1% woe acaided to in- 
veatignte el«atie esattering from the argon ured eo & 
counting g°@ in the ehember,. “hia type of experimen’ per- 
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mitted vigual monitering of the beam while aging low bean 
eurrenta. 

fwo possibilities were resognized: (1) enomolies in 
the elastic esattering would indieate resontnees in A and 
(2) & low enerzy (p-d) reaction ig energetically possible 
frem atomie méas eonsiderations with Q@ = 41.64 Mev. The 
shenece that the latter reaesion might heve & lirgve crosa- 
geetion wes deemed to be very remote beasuse of the high 
Coulomb berrier of xrzon te both ineldent and emitted 


perticles. The reaction is @s follows: 


x 
40 1 Al 37 
1s 41" = (19* ] 217 4 


The (pen) resetion for 4s0 wea rnled out on aegount 


oe® + Q (= 1.64 Fev.) 


of a negative Q of anpromimately -1.7 Kev. 
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The Bhi Le) All 

Heattering vhenoens belont to ome of three renert) 
slaiggees: 

(1) Eheetia (Coulomb or “utherford) geet tering. 

(2) melretia seatter ing 

(3) Revonenge vant tering. 

TAeetia Seuttering. 

Flestia aenttering cooure vhen the kinetia energy of 
the syatem le sonserved, In the ange of a fost light 
partiale “solliding” with = hetvy glow moving pirticle the 
light pertiole hte Clmoat the enmme energy efter collision ar 
before. ‘utherford'a originnl theory of the rtomle nucleus 
weg verified by experiments in whiah the el«etia soatterting 
of aopertioles from thin gol4 foils woe ebverved,. We neo 
gamed thes the poeitive eharze of the golt nmuclena wee con- 
sentrated in 8 aml) volume whieh oontaingd most of the 
atecio mags. “hie sharge was goneléered sa a point sherge 
whore @leatria fleld gntleftea the Soulomb enw of ° enulaions 
The exast Seflestion of emall posltive ahargee euch fe 
Slphse would derent on the initisl peth of the porsiole 
with reapeet to the bomberies nuslene. Tiretia reatter ing 
will be covered in greater detail in the next seat lone 
Inelsgtia ‘ontter ing. 

If the ineldent portisle penetrotea within the Comlomb 
berrier go that the ehort ronge nuslear foreve aome into 
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elsy, Xinetia energy sn@ mowentum eili not be genpritely 
senserved. Some of the pertivle enerzy ia treneferred te 
the nusleug whieh goer to an exeited quantum atite. “he 
transferred energy ia emitted s@ a gaman photon when the 
nuslena, *fter emitting 5 perticle of the atime kina ag the 
insident pertiole, returna to the ground state arain. Such 

& process ia inelaatia asattering. The sreblem af inelastioa 
eeattering hee been treated by Born? ae 6 perturbation 
voroblem in guantum meohunies. 

Inelratio aeattering of protona hea been Investigered 
by geveral workers: “fteke ond Merahall (1946)*, wilkine 
(1941)°: Devie ond Wagfner (1948)*, Powell, May, Ghadwiak 
ona Plexevanee (1940)5; rurbright cna Bush (1948)°; ana 
“hodertex (1950)”, 

Yherex9, elsatieslly eaeat.ere’s charged pertioles are 
esecttere’ mainly in the forward direstion, Inelzstieally 
eoettered portiales tend to a gyumetriaal enguler diatribu- 
tion. Thiga indlettesa the formation of © sompound nuslens 
from which the entering pertiole ta re-eumitted with apherticsal 
symmetry. 

Inelsatia seattering of protons mey be thought of ae & 
(p.p) resetion in whioh the vreton leaves with a lower kinet- 
ie energy. The seattering nucleus ia releea te an exaited 
atite at the expense of the kinetic energy of the aysten. 
Ubeervation of the energy epeatrum of the seattered protons 
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wives tafarmision of the muslenr levele involved, Before 
interpretation onn be ade of she resulte, the roge#ibility 
ef angh « redetion ©¢ that ehown in Paige 1(%) met be exe 
einaea.” 
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Figs le 


The proses diagrmened in Pigs 1{b} producer inelag~ 
tiewmlly #antiered nretongs but doy oot invelve any exeited 
atestee of the regifual neslers, Rhoteriex” gtutes that the 
probebliitg *t moat 2f such « nroseua taking please le only 
me-shoreendtk Os great os the. of © alreet tranelition to 
the groumt atate of Be Thies fe far lesa yprobehle than 
gimple capture, whigkh in turn ie fer lees likely than 
egdigeion of | protean, becnnae of the gaclines® of the 
redinsive width of nwslemr leveleae “e oon therefore o2@ 
gume thet Llnelsetia weattering fellows the pe ttern of 
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Yige ifo), oma therefore the loa? of ewercy af the pro- 
ten fim She senter-of-umer gystem) te equel to the exel- 
sation energy of the residual nmeietir.s 

etaxe and Kor ehel1® moint ont thet {5,0} reaet lone 
ere such more litely than (p,p) resetione due to the Gou- 
lowe berrier. “hna, if the (p,n) renation le encrvetioslly 
poemible, ome vould expect very Litsle (n,n) ineleatie re~ 
Setions, Iabetansee moe anitable for inelagtia vroten 
geattering “r¢ thoge with high (p,n) thresholds and there 
ere foamé moetiy in light anelel,. 

Powell, et a>, obtaine’ information oa »robabllity 
of weattering 8% Smzles of 15° Shrongn 160". Inelsxetieally 
aenttered protone from neon were fornd to be éigtributsed 
Pith goherien] synmetry. fo imelseiia protons were ob 
eerved in oxygen us to 4 Kev. Crlorine on’ orgon were ine 
Veatiguted and the ratio of inelagtiea to elvetia seatter- 
ing Wie Very gach eunller than in the enege of ceon serret= 
ponding to the dearease’ probebillty ef pretons entering 
tae mucleng with lasve: sing nuclear shareee 

Yhen the bowbording op ytiole penetrates the anelear 
barrier to form © seseonal nusleag, the santceriag seneen 
So be purely eliotia sat heeomes o Urnnasntetion progent. 
Biateritaalivy, the fire. of sheve nroacaven” wie *nther- 
ford's bomaarrdmeat of altrogen in 1919 with sleek por- 
tieles to ferm oxygen in She graunt esate cith the emie- 
Sion of © proton. The equation for thia rewatian ias 
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a + get 2 rey ee’ + a + Q fe 126 Mev.) 

The firgt eaucveerfal aieiniegrsation ubstiising protona wan 
performed by Oroscksroft «nf “elton in 2982." Protvena rere 
eeo¢lerated in 4 hy@rogen discharge tube up to C.5 Neve ant 
need to bomberd Lithlam: alphu porticles were observed on a 


fimoreseent sereen. The reaation)?.41 gs. 
st" 


Thbe resetion hea now been atadlet by meny obeververa sm is 


i 6% 4 4 
+ i* =(4°* )a ge” , he”, Q (417.18 Kev. ) 


eo well known *@ to be a ealibrating renotion. 

Other important (peo) reaotiona mmnrriced by livingston 
end Bethe in Rev. Hod. “hye. 9, 311 (1957) were reported by: 
feuert??; Lirehner and euers**, OLinhent, Nerapton, smi 


ontherford?9, Dee and dtibert+4, ona Henferson, s.ivingston, 


cag Lewrenoet®, 


Resonance “henimena 

At eertein proten energies the wrobability that the exe 
oitation energy of the sompoun!d mucleusg ia aloge ts one of 
the quantum avatea ig high. ‘The probibility of the formation 
of the oompounid mueleus, sherefore la great. ‘nach & aonfition 


ie elle’ regonange. It oorrenponte to the exettation of a 





neoheniesl eyatexn then en impreewed force ovalliater © ith a 
frequency near the weshanieal reaonant frequenay.?® 
Reson nees may be obaecrve? in several woyee ne wry is 
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to note the disappesranee of ineldent porticles, that is, a 
petk in the sroes-seetlon for espiure. Another method iu 
$o lowk for inere sed effects senoelatet tr ith She formation 
of & compound nasleus. These would be « penk in either 
gomae enmleaton or produsation of some other perticle then the 
ineident particle engh eg the (peo), (4<«), (pen), (np), 
eto. Still another method is to observe enowaiier in the 
elestia gsouttering of protons of whieh more will be aaid 
in the next sest lone 

If gummc raye only sre observed, Tee netvy pi rtiale 
emieaion ia imposwible, the quantus (er exaited) atete Ls 
eflled a bound atete. If prtisles an be emitted (p,«, or 
n) however, the etate Le a. lled © virtusl atite. Bnerey 
levele in light nazliteg cre beginning to be fairly well 
cnown end heve been reviewed end gumatrised by virions 
oraseres***** 

oven” atatesa that ebserveation of dilwerete resonanases 
in neslel of 27350 Le not likely since the eroton energy for 
Spprecioble yields (~3 Mev.) sorrernonda to “n exoitation 
enerzy of the aompound nucleus in exsess of 10 Hev. nt which 
energies the level soaging of quantum atates ie prob bly lese 


than «ny energy revolution experimentally 4%te inable. 
The mean life of an exelted state lg reletet to the level 


width by the ansertainty relation: 
[ = level width 


% = mean life 
hg Tisnek'e constant 


h where 
[-t 237 


Thies eye that well defined gtctes hive long Lifetinee, nd 


= ff @& 
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eonversély. "1th the high exeltntione ncseneary for heavy 
naclidea, the levele beovume wider then the metn interwal 
between neighboring levela. Proton resonr seen heve heen ob- 
gerved only for auclei of © um te 20, the rroseveca obaerve4 
were (n,1), (p,o) and elratia vestteringe 
Freemen end Boxter”? found (pia) rescnamnaoee in sat? Gt 
proton energies of 590, 750, 800, om S10 Reve with Q # £.14 
Wev. ond 42°7 at proton energies of 680,720, "m1 920 “ev. 
with 22 1J2 ev. 
Resonances in oon dae to proton bombordament of 2° pove 
been resorted by Brogtrfa, Huns, »nd toah"* ia follows: 
F., { Zev. } 900 1050 1080 1200 LES5 
f° 2, Ook Ou4 0.5 1.0 Oe 
where y - ¥, 2 difference between resominea yield, y, in 
sounte/ Ac. uné beskground, y,, nish wes cbunt 6.1 for all 
FO SONNE Be 
freton wenttering experinenta aging the Ven de Gran ff? 
generator «9 = gonree provites 2 meeng for initiating reson- 
finege whenomenn. Chgeryvecion of there furniches Informettoen 
on the exeited stttes of the sompount Ausleng. Some of the 
reenlta obtainable from the wtndy ef resonance nenEa are: 
(1) Energy of exited otatea, 
(2) Mean life of excited atates, 
(3) Interference between exelted stetea, ant 


(4) Modes of deany of excited states. 
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4p stated in Seotion TI, el atie eanttering ovourg 
when the Kinetic energy of the eyatem ia sonverved. Por © 
pure Coulomb potentircl, Vr wd, Tutherford Cerived from 
purely alsggie:1] seonsideratione «6 formals for the 4ifferen- 


£151 sreeseseatiaon: 


oto) BEL? as 
(0 AT a 


where seottering angle (d4evietion) 
élestronia ahtrge 

atomia no, of inel4ent pertisle 
atemle noe of wsntlering neglene 


Rinetie eaenerry of Iinaident rortiale 


Mew a Oo 
we aa 


Being » lomt renge type of potentinl, o7(6) Le atrongly de~- 
rendent on the onzle of gaatterime Figure 2 ia a plot of 
the feetor: 1 ahoving chet Conlomb (Cather ford) 
4 
gin ( p ) 


se 
aaa tering la megtly in the forwrrd direst lane 
Lente -_ treata the prollea from fe eove meahantent 


na 


roint of view where e modified Cynlomt potentie] ig sone 


sidered 29 © perturbation. 


“he modified notentisl ta: U(r) « ebe™ exp (= x \ where 
= Yr 
& 
where , ig & portmeter rhich Limite the Goulomh forge. 


jaeh & wodified potentisl kxetnutliy exiates for eherged pur- 
tisles geattered by neutral stoma, “he wolution of this 


=m YO @ 









— paeenee wt fabs etelimeddd Necered eqs gel 
We Tedy 2 Ok a eeegtt cshrweiere Se ace oe 


(gfe 
a! sn a ad SE 


Set Hee wabzkies © ocr bv 
—- «= , 7 : 





oo 





~— _ oe ee ( 
a} yee. be | : 
caeall F- | = Sot ake | 
co kn ma) HALE mR em 9 Sh 
um © eter wr ones eee Yt ore OD 
wail « 





























i 
Be (40 
wa 


H 120 
| @ (deqreles 




















Fields 4 grose-eeutlen whiah hee 2 finite velne ut Ow C, 


Wide ° 
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Vhen rg = ©, the formule ie the seme %@ the Puthervord 


formuls, tut for 


finite re G9) remcing finite at g@- 0. 


The sbove foraulee fonly for santtering of protons by 


Large ouslel but not for proton-proton eanttering fue to the 


“exohenge” forseao between Like pyrticles. 


The 4ifferensisl srog@-acation Ig a retlo of the nunber 


of partiolee eenttere’ per unit aolld angle (#terna@ian) in she 


direetion O te the number of inaldent pertleles ver unit srea. 


The nuaber of pertislea per unit aolid ongle, an(6), santtered 


in the direction O ig therefore: 


vhere no = 


e? by 


= 


n{O) = A Nt, (0) [Pais seenmen thet owltie 
mle sarttering fa gmril and 

tht t the geuttering oenterae do not whiel4 

one *nether.| 


imitirl ao. of insident prrtieler 


Noe Of gaattering “tome per unis volume 
thiaknege of souttering medium (lineer anita) 


In eatimeting erese-geation for €]1: atie eawattering three 


fastore muat be considered: 


(1) Bodifia: 


tion ef the insident besem by the Cenlomb 


field before renshing the nuvslear forces. {fnther- 


ford seatter ting.) 


(2) Potential sesttering by a apealfiai lly nuelear £1¢14 


sna 
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of forae. 
(3) Seuttering ta whteh © ovmpound nuoleus ia formed. 
Uaging the “utherford formule ond assuming onr deveote 
ing Gpperetug sounta egattered protens 6% 9 sonatent tngle, 


6, from the incident beam, ve can plot the nes of sor ttered 


@?* 
protons ae fanations of beum energy. Uelng erbitrery anita 
for sounting rete of 100 protone/see,. 6t tn enerizy of 1 Nev. 


the relation fe: 
n{(f} 2100 (protona/zes, ) 


Thie ourve ie plotted in Fleure 3, 

Anomiliee or devietiona from the counting rate predie- 
ted by the “atherford formuls will be fornd fer certain ene 
ergica of the incident pertiale depending on feotora (2) 
ena (3) rbove. If the enerzy of the ineident proten vlae 
She enerzy of the santtering moulens la eqnel to the energy 
of one of the quantum states of the gompornd nmuclene, ance 
wmSloug agettering will oseur. sira*4 esetbes that nom Lower 
weattering thnit insreagee slorly rith increrelng pertiele 
energy indioates penetration of the nuslesr berrier; «nd 
fnomaloue aoattering that inereatee ranidly to a maxim 
end then decrenaeg *a@ the energy ia further inoresved in- 


dinetes resoninee saattering. 


Resonsnee soutter ings 
In order to see whats these Gnomelies iu Tatherferd 
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eeattering oonsia’ of, it is necesatry to look 5% resensnee 
seattering and nuclear potenticl gesttering. “he former oc- 
oura when the cempound nualene ig formed in an exalted state, 
the latter oasure in thet region where the nuclesr forces are 
felt by the insident pe rticle but rithout the formution of a 
sompound nusleaa. For protons on auclet of much heavier 
meng, nuclear potential geattering can be conelidered se ameall 
compared to pure Conlomb scattering. For neutrons, hevever, 
potential w#eattering by the nuclear force# is a large feotor. 
Feshbich, et ai.*5 uging Breit<-igner theory, develep 
@ formule for ele etia acattering creas-section near & regon-=- 


enee level for portisles of tngalsr momentum cero (1 9 O): 


z 


sad 2 
o;, @ A nate Siete + e@tlaf sin(22) 


where: [= partial level width due te the reeniasion of 
® a perticle lixe the incident portiale. 


[s tetsl width of regonénece. 

& - nuclesr redineg 

Eos energy &t reaonance 

Ee energy of incident perticle 

As deBrogiie weve length of inclé@ent perticle 
The first term between the berg representa the resonance 
acattering, the zesond representa the potential senttering. 


If only potentieal scattering were present, the seattering 


crose-sestion would be given by: 


2 

— A_ oin?(28e2\ which te the eoattering ane to 

pot Ty x 
«ig « 


———e 
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aa topenetreble enhere of redinue ©. 
If potenticl sextrering ie negleeted, the crogu-sretton 
besomes thet due ta + @inzle reaonenee Level: 


>= SS 
ind 4(z =e)? +f" 





Singe the magnitude of the potentisel geattering Cenende 
om the term: ein (288), it on be smoumed that i. ia negli- 
gible 4% low proton energies fue to the inereteing vriue 
ofA. st nroton energies ébove 07°09 Vew. it does beanme 


eppresiebsle: she nugleir redins fer 4*9 


somouted from: 

® = 15 ere x 207 om, da: © = Sere x 207” om, ana 

Ae #91 x 107" om for & Kev. proten from rhich the valae 
of ain 4, ie 0.946 onl atin’ (SE) s QO. 735. 

Phe sombined effeste, hovever, inalude sross-ternmm 
whieh reprewgent interferense phenoment hetween reronnnse 
end petential eeattering. At certain phoge reletions bee 
tween the two weves, destructive tnterferense oecura ane at 
others, songtruative interference oannr 4. 

If there sre only tve possible onteomes of a nnolear 
collision, for example, re-emisgion of the Incidents partiale 
or formition of a sempeund nusleng with emistion of a differe 
ent pirtiole, then we speak of partial dieintegr:tion cone 
atante, (* ana |. These sre portinl level widths for the 
tro oompetitive processes and the totel level width is 


simply: 
= 16 
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If, however, there Gre other poasible weye for the senmnound 


nucleus to break up then the tote] width is: 
Ce i* re 2 [, » where * refers to 211 the other 
pogaible modes of dilaintegzration. 
Fer the reaction, 
& + A — B+ bt 
the Breit-<Yigner crose-section for emigsion of perticle of 
type b is given by: 


. al 


: —— 
6 FT aff eR) ar 


This assumes zero anguler momentum of the compound nucleus, 


fe@e 1 = O, Snd neglects effects due to apin of pirtieles. 


Interference between Resoninge Seattering end Coulomb 
Seat ter ing. 


Detection of regonanee soattering in the presense of 








atrong Coulomb seattering miy be extremely diffionlt. 
nevead”” gives a very simple method for eatimating the con- 
ditiene under which it ia povatble. 

If we aggume shat no other procegs than regonsnsce 
sezttering hig comnersble nrobability at resonance shen we 
mey set [ = = enti Ee E,. The resonanee differential 


eross-ageotion then reduces to: 


= 17 « 
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he. 

Gres * Gaea = re 
Thia gtglests cngulor momentum of the sammounl state oné 
intringis angaler momenta of the initicl nusleus ont inele 


8ent proton. A aninewtatiatianl fsater of order unity, g, 


z 
fe introdased by Fermi A Vis, 


i, *  € - 
gs a ™ erie): where I, = amin of seattering nualeus 


» 


Ls epin of proton 


on 


vad spin of the eompoennd nuslena, I, = I t= ° 


Then, the reaonence sroeseseotion is: 
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“— £ m%, 


Remrevsentative velnes of g vr 


1 
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“he raitie ef reronunee aerttering .o Sonlomd genttering at 


regoninee fa then: 


(6) 
rps: = Be 8% x" _ in‘(9) where & @ re= 


T'8 anatt <™ ? duced meat 
@ m{zte~) of yroten 
2 del x 20° Zp sin (2) f= re~ 
wine ABE 
anerey in 
ageuming ¢ = le Vew.e 


In prastioe, thie ratio will be further reduced by a 
feotor, [ if the level. width, las ty leag then *he 
“<2 Yr 
28 « 
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enereg spresd, $3, of the varttere?d protons. wvona>? 
polnta out thas re@onense vorttertnaz will be most rer dily 
Setesseble for emall &, lorge sauttering englea (~ 100°) 
ema for energies Z¥ for whioh the ievel vlath (asrengly feo 
pendent on E due to burrier penetration) fa gomprreble to 
BRE exnerimens?®1 resolution ent yet net se lexrge thet dig= 
grete lewed etragture Atanprears, It ia sleo nescemry ta 
aggume thot there la oo other proceve were rrebeble then 
elsetic soxttering. 

Yer prosen energy, E, 2 1 Mev., vertvering ungle O2 160°, 


aging ergen se the ganttering ausleua, & w 1, whe resto 


a re (E | 
Te $% 


(In ether worde, Lf the energy revolution ehould be &s wugh 


becomes: 


ag five timea She level ridth, the ré\is of wm xiveunm resen- 
enee geittering to Conlomb sestteriag (negleating other Broy 


aeseea} wouls #till be ebort tee to one. 


Sethe‘e Forman. 

oe derived on exprevgion for the retio ef tete1 
wosttering to Coulomb eaattering neur 6 «Lingle resonance 
whleh incluiea provision fer tote] eneul r somentum ond 


apin of the sonttering nuslene end ineldent perttole: 
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en. xs eel “Tals e ae 


totel sgeattering erosga-seation per unit 

golid engle 

Goulomb (Ruther fora) aoostering arosa-seation 
total sngul“r quantum number of the compound 
nuslens 

@pin of eeattering nnoleus 

goin of ineldent pcrticle 


2 (Fk = 3) 


r 
energy of ineldent perticle 
erergy et regonance 


fteteal level width 


- 

ayy p 

7: Z sin*(2) 

Se Bas ls 

perptiel width of resonsanse level 
{sorreanonding to emlegion of the ineident 
pirtiole ? with the seattering nuelens beinz 
left in the ground etste p) 


ax log sin® (8) 


asettering angle in center of mse soordine tes 


aZe~ 

7 
Velocity of incident perticle 
atomic number of sor ttering nualena 
ttemte number of inaident pertiole 


where: 


ae @ 94 
Te ee on 


bal 
is 


a1 bs 
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aa 
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aed 2 OD Se 
a | 
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h (Plenek's econetant) 
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Rose” pats the equétion inte slightly different ferm: 


oe Ox e# +2 ¢e sinE + 2¢x coad 
1+ x* 


where e= (27 + 13 (2) (=| ain? (8}2,(coe 6 ) 
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Py ( sos 6) = Legendre polynomiel of order J 


oe! fae! Soft ine ge 
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If we Geaume thet the only energetia‘lly roaaible pro- 
cess other then goettering of the inci@ent pirticle is game 
ma emisgion end ginse rediation widths wre negligible con- 
pered to pertiole widthe, especially for light nuclei, for 


611 prsoticél] purposes we mey take, 
r 
Vet 
r 


With this é@aeummtion the constants for Bethe's retio hove 
been sonmputed for the partioaular experimental srrengepent 
uged for the pregent problem of gonttering of protons from 
ergon °% an angle of 150°, ageuming 1 = 0 and a =< (ref- 


erence 24), 


r 


Rs sl + 0.524 (23 +1) (06260 4 1.962 x) / (1 + x*) 
Oo 
If we apevme [ = 50 Zev., then x = 40(F - E,). Using 


J 


this value ana J = 0, the sbove ratio ia plotted in Pig. 4. 
This surve showe the general shape of an anomaly in the 
Rutherford eeattering. Waturally, this anomaly will be 
superimposed on the Rutherford seattering curve which ia 
plotted in Fig. 3 for arbitrary unite slong the ordinste 
using 100 et on energy of 1 Mev. It will be noted that an 
increage in J (higher angul+r momentum quantum aumaber of 
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eompound naveleua) aervee to insreese the magnitude of both 
the positive pesk “nd the negative perk, tut does not change 
the spread between the pesksa. In other words, the snom..ly 
is sherpenes. 
i 
The vlot of in FPige & showy the etrong deren= 
sin’ (2 
dence of Rutherford aaettering on tangle ond sansequently the 
edventage of uging *n @ngle near 160", 1% will be noted 
re) 
that at an enrle of 90 the aatttering f# slimost four times 
that oat 150°, wherete 2t the latter angle 1t iw only 1.15 


timeg the true beak seatter at 180", 


Level wieths. 

. 23 

#o9@ °° slao givea & method for extimating the level 
elath from experimentsi a@nta. The miximum oné minimum 


aoattering ratios sre aiven by: 


( 5) b 
Rye tl + x lye where b 
2 ~ * Ey 
a g 2 energy veluee at 
= miximum end minima 
vilneer of 
Ry 2% mom xitmnm Ond sinimam 
4 véilnes of R 


« 2 eco 
2 yesomanae energy 


Sinee the only unknown i¢ oe the level with arn be found 
from this formula. 

Alao the level width withont Conlomb berrier uay be 
found from: 


iF 23 ?P where G - level width withont 
r r ¥ " Goulomb barr ter 


~ 22 = 








Fret 3S shelige any mePemtat at gorse (naptinn bess 
OE ek Od canny atte eh ee oe 
Ct At ye eree mde HT hie tld moemiog 





een Le a en 
OH TAdemunrT te Le Wie me pedwen ite " 
paren 9d sien et "OE ween aiyes oy peten Ye epele 

weet) seme Pritt oh welvod daaw agi “De fo bees ee Ae 
ULal Vins WA 21 Sipe reiead eat om eee ee 

“OU fe meee oe my a Be 











Dawal mit quiverinne wet Sutiel « benén anze epee 


teres aad eet 
4 SAP FELON Mehta rmcerTe @AD ier Seve ahi dete 


oe dee 
reese Pee ‘Pes Leal 





P ig the penetrebility ocleulete? from well Rnown for- 
mulse by Bethe”, “ove *lso gives ® imple method of de- 
termining J if interference woattering in negleated at 


the extrema of the anomaly. The extreme are iso ziven 





by: 
e\ i 
a | 2 ad = . Ss = pd he 
: “at b 
combining, where 2 x¢° ¢ ieein[’ 
db % rime 
1/fe ife 


ae (R, ~ 2 } 


ana gince ( is “lao given by definition to be: 
r 
2\|} Pe 2 [0 
27 — oma Cd 
p= (27 +1) (2) r sin (Epjtoee 6) 
big : 


ee 


where (- —— 
¥v 


the only untnovn pirameter ia J. 

Regoninee energy tlw-ye Lee between the extremas 
The mixianm error therefore in taking 1% to lie midway 
between would be one-half the seperation between extrema 
er ebout one-fourth of the level width. ‘The effeat of 
etraggling, 1.¢., beam spread in enersy through the terzet, 
in whifting the higher extremum toward higher energier and 
lower energy extremum tow rd lorer energies, thue inereas= 
ing thelr seraration by cbhont the etraggling width, ine 
ecreaves the uncertainty in the resonnnoe enerry by + Like 


emount. 
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Reoent Experiments. 

feo groupa 2% the University of “igeonein heve re- 
eently demonatrrted the power of using e]: satis acattering 
to inveatigete exalted levela in light nuclei. 


29 weve in« 


Bender, shoemeker, “aufmann, rnd Bonricius 
veatigated the 995. Zev. resonance in aa®? by metne of the 
elsatio seattering of protona. “he veriation in scattering 
yield is in very good agreement with the above theory near 
the regontnce. Flraetic s:attering of nrotong from ug”4 waa 
investipated throughout © range of preton energy from 0.40 
te 3.95 Mev. by Mooring, Koester, Toldberg, Sexen, and 
teatwann. © Anom@lies of verging shapes other than the type 
shown in Fig. 4 were discovered, ‘The general digeuseion of 
the theory of such Snomaliea has been mefie by Lenbenatein 
end Leubenstein’=. This theory inslndes not only the inter- 
ferense ovuged by phuse shifts induced by energy levela of 
the sompound nucleug but fleo that due te the hard aphere 
type of goattering. <A veotor method of analysis of snomalies 
is given which enables one to ctlonlete the ghepe »f anoma- 
liea b*eed on Sn aggumption of the totel angular momentan 
of the compound’ naclens. The predicte’ ghepes for the 
verlous srbitrary values of J chosen etn be eompsred with 
the curves from experimental dats. The “beat fit" then ean 


be aasumed to yield the correct velue of J. 


In & later erticle Moeater= giveg ¢ fairly comnlete 
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snklyaia of the resontaces found in “e®* by Moortng, 


Koeeter, ec al. clone the line of the theory just mene 
tioned. He vrointe cut thet the perity P of the exeited 
puslens is relsted ta the pertty p of the ground @tate of 


whe terget nuslens by the expresaion, 


Ps ia” Y 
where L la the orbits] ongal’r momentum velue of the inci- 


fens proton with apin welue ~. She wolue of L ia given bY, 


Je2i? 


$2 fr 


for terget nuclei of wnin zero. Jinee the qualitative 
ghaype of a resonance anom-ly depends atronely en rearticn- 
lay welmes of J and 1, the enguler mementum end prrity 
nusber of energy levels onn be determined, 


Sinee a*®° 


ig 2 muclene of sere goin, it wntilefier the 
requirements of the sbove theery. 

We have geen Shet the following tnformtion ann be 
obteined from tn andlyaia of snomlies in eloetisa eaatter- 
ing of protons on nmuslel of enin vero: 

(9) Energy levela of exaited gtetes of the oompound 

nuslene, 

(>) Angnler momentum of exalted states of the son- 

pound nualena, 

fa) Relstive pority nombers of the exetted etetes, 


(4) Level widthe of the regontineer, and 
(e} Level widths without Coulomb berrier. 
- £6 « 
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The zpparatag originally deeigued by Gommanier 4. 3B. 
Chilton”, 0.9. Navy, during hie gradonte werk at The Chie 
Steve University ta shown in Mire Ge It agonsiatez of five 
prinaipsi perta: (1) © eonneating pleee whigh atteches te 
the emt of the proton tube in the magnetis snslyzing rece 
tion of the Yan 4de Trant? generntor; (£) the beam eolll« 
mitor which restriota the proton bettm to = dimmeter of 9.1” 
om’ Gireste it inte the resetion chamber: (3) the reaction 
ghamber which serves sla0o a9 a Faratey eage, in which the 
proten reaction oaqure end the fen qurrens is collestes 
after pseeing through e niekel foil rindow; (4) the re=- 
&@tion collimiter songisting ef three aulilmear porte, 
0.06" in diemeter, alligned a¢ 5 itboratery sngle of 160° 
from the proton beom, oni which vervea to define the terret 
area emi te align the acattered prrticles entering the fee 
testion chasber: end (6) the aounter iteel?’, which fe a 
tyniaal gca-filled provertion™!] sounter aollesting lonizae 
tion paleee from the aollimeted beam of resetion or weantt- 
ere4 porticles entering vir the revation scollimter. “he 
iéset of the three omali 0.06" porta in the rerotion oolli-~ 
mator {9 meeh niorliy integral with the provertional 
counter, being in the en4 well of the sengitive shanpBecr. 
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This end wall of the counter eleo serves &@ on elestro- 
atetiso shield between the Fertday arge ond senegitive vel- 
UME e 

Gertcin modificztiona have been mide in the orlginal 
deeign. These inolude: (1) gleea ineuleting rings gub- 

atituted fer lucite; (2) except for the entry port, ocom= 
pletely enslosing the senaltive volume with brase to avoid 
epurioug oounts due to & o&péiaity "hich formerly exiated be- 
tween the floating end of the sentrel wire ‘nd the Paredey 
eage; (3) cddition of the reaation sellimetor and modifies- 
tion of the proton bezm collimator: (4) shenging o11 inter~ 
noi wolves to the bellows type needle valve. 

The reaction col.imster serves to limit the extent of 
the proton beam from which the gasttered protons tre being 
gountea. ‘The geometry of the apparatus iz such thet the exe 
treme thiekness of the guseone target under weurveillence ig 
ebout 1.5 sentimeter. ‘inse the argon is under a reducet pret 
sure of 75 mm. Hz, the equivalent thickness at standard prees 
gure is sbout 1 mm 

The sounting chamber is overated in the proportional 
region. It ia fitted with & gay manifold providing connes- 
Slone to gee tanks, vYrourm pump, “nd meraury menometer. Mul- 
tirle conneatione sllow mixtures to be uged and permit flex- 
ibility ef presaure sontrol. 


A nickel foil window, 0.05 mil thick e= the end of the 
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betm sollimator provides & veauum se"l between the resoatzion 
ohumber ond the Ven de Graeff veauums aygtem “his foil ia 
designed to *ithstond s presenre of one atmoenhere sgeinat 
the euter salde; bat in setual eperhtion m more than 250 
mite Kir ig ever necessary ginoe & veeunm greaa sonnestion 
permite simlteneona eve auetion of £11 prte of the anvrrie 
tua. After the y2ounm ie obtsined, the velve in the scroes 
sonneetion ein be gloved thue isoleting the manifold tnd 
gounting chember from the Van de Graafl vweenum system 

The sentrel rire of the prevortions] sounter ig a & 
mil nickel sire aupportei et the free end in « glesa ctpile 
lery bulb ensloged in & polystyrene mounting. “he other end 
poeses through © Stupskoeff geal and thence to an emphenol 


gemestor vhieh ettcehee direstly to the preamplifier. 


Eleotronia Apneretus 

The preamplifier ivy an /tomis Inetrument Jo, Pretmpli- 
fier £G6<3, originally built to be used with an ionisation 
chamber with o time songtant of 2.7 millisesuondsa. “he time 
conetens hea been changed to 7.6 microsevsonis to make 1% ape 
propriate for uge with a proportional counter at fart acunt= 
ing reateg. Thie inatrument hee two etugee of ummlifieation 
end two oathode followera insorporating inverse feeibusk to 
Haehieve a high order of gain satability. nlve smplifica- 
tion iq fixed st sprroximately £0. 4 sneaieal high voltage 
coaxial oecble waa bullt to Sllew voltages up to 1200 volte 


te be impressed on the oentral wire of the proportional 
= 30 
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gounter. Filament end plate yoltogee sre aurpliedt by a 
Medel 2064-3 amplifier bullt ty ‘somite Inetrument de. 

The outout from the pre-mmolifier Le fee to the Model 
204-3 Linear Ampilfier. The guin fros thie inetroment ls 
not too eavgential when used with the 206-3 Preewcamlifter: 
the amplifier ia uget ss q nulee shaper oni ALeorimineger. 

A paloe anplitude @igeriminator passes all pulaes reas ived 
sbove that voltege vet on the 4isoriminnator diel. Linearity 
of 4401 setting ie better than £6 from © te 100 volte. Three 
eifferent rise timee cre provided: &, 0.4, ant O.2 miaroe 
weoonls with deaay times of shomut25 , 4 , andO0.4 wmisre- 
wecontig., Cutpat from the Aleoerleinator ie "© senesant 10 volt, 
0.4 sisresevond prize “hich ia fet te @ Motel 1000 Atomia 
Instrument Co. Senler. An ooallloreene le overated’ from the 
high level outrut of the empliffier. 

High voltage power for the sentrel wire of the prorere 
tional eounter is obtainet from a Nodelk 1090, 8000 volt Rere 
nlated Pover Supply built by Nuclear Inetraumen® oni Chemiael 
Corporation. “hile pover souree avn surcly either soitive 
or negative voltige from sero to maximum valine vith repoulae 
tion to within 0.02% of outrnt voltaze. 

‘ geneitive intesrator Le aonneateé to the Piratay ange 
to @etermine the tetal proton ton charge colleote’, Thic in« 
St 


gtrument was deelgne? emi built by 7. Ve 1. Mogae’ @uring 


hia greduate work at The Ohio “tate Univerelity in 195%<105£. 
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The integration La eesemmlighed by collestion of vosltive 
ebirge on & @peaisl polyatyrene sonienver having & eapa- 
@ity of 0.992 microferad, which is sharged to * negative 
potential of about 10 volte, the exast value sunt be 
mesaured £¢ the charging battery. The totegrator hes a con- 
trolling reley whioh operstes the acaler a0 thet it rezie- 
tere only during the integretion peries’. The inatrument 
may be get to operate for several different epecified 
eycles of charge and discharge of the integrating sconfen- 
ser fiom ome cycle to 24 ayslea2 of operation, depending on 
the intensity ef the proton beam. Ome cycle of the inte- 
grater will be equivalent to © ehnrge gziten by the folloew= 
ing «xpreeveton: 


Qe CV = 0.982Y where V = battery voltage 
in wlercaorlombsa 


If the battery le exnotly 10 volts, the charge will be 
9.82 gicrosoulomby which is equivalent to 6.15 x 104 pro- 
tena, The design wes anoh that one syole would be unproxe 
imately equivalent to sollesation of 10 mivrogoulonmbes or 
6.24 2B 20° protons. ‘4 eonnting period of ten seconds 
vreuld therefore meen os beam ourrent of 1 microampere. The 
error of the integrator for fon currents greater than 0.06 
microempere due te leckage ia less dew = 1“. Por ehersing 
voltages of about 10 volts the error in ocllested sharge 
éue to leakege is therefore less than T 0.27. Fer rang of 
length greater than 10 seeonia (i.e. surrents legs than 1 


misroampere) the error due so velay time ig leas than 0.8%. 
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The integrator apveere to be dependebdle to within © 1% 
for ion beam currents of 0.06 to 1 microannere. 

The elestronis snd g*s filling syatems *re ghown in 
Fig. 6. <A pogitive petential of +90 volte is maintaine’ on 
the ingulsted conneating plese to prevent seasondery electr- 
ona geettered from the firet port of the benm acilimetor 
frem being collected in the Paredey wage end thus giving an 


erroneoue integretion of becm current. 


G. libration. 

The proton energy reeolution ia determined by a 1 mn. 
alit 76 om. from the senter of the magnet pole fuces, The 
beam &t this point hee been deflecte i throngh on angle of 30° 
from the neutral beam axie of the Van de Graaff. The reso- 
lution ig ca@aloulated es follows: 

Let L = length. of magnet pole face 


Yr 2 redine of ere Slong which the besm ie ae~ 
flected between magnet nole f2ee%. 


A 2 engle through which beam ig deflected. 
Then, Lb =r sin A 
4% = -cot A GA 
Yr 
= 
@&4 = 0.1 am/ 70 om = 1.45 x 10 


@herefore, ar/r + -2.48 x 107° 
Negleoting the veriation uf the magnet ourrent, a@r/r ie ap- 
proximately equal to aE /2E ainee r ia proevortions] to Je. 
Using thie epproximétion, 
ag/E = 0.5% 
= 3% = 
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er at an energy of 1 Hev., 4B = & kev. 

The magnet whe enlibreted for thie elit wetting on the 
06873 Mev. gumms regonance of F)? yotng « LAP tergete 

Amplizigetion faetere Zor the gae #mnliifiartion in the 
pronertional sounter were obtained by ueine on internal 
gourse of alohea@ oongiating of a thin layer of polontam 
gilt evaporated on 5 tantalum diee. This wee ingerted in 
the target mounting. “he eounter ess fillet vith verleus 
pregeures cond at etch one the sentrel wire voltzuge waa 
veried. alse sizes wera Acterained by sbeervation on an 
oselllosesepe. In eatusl praatise, the wilve sieve tee meine 
sained oonstent on the sareen of the ovellluscopne dy wery= 
ing the gain en the linear amplifier. “he referense point 
weg taken Ge that gain nesesvary to produge the nul ve 
height with the sounter voltuge ae low that emplifieation 
wie egventioliy unity, te., when the counter was operating 
in the lonisetion shumber region. R-<atprogila of gain svet~ 
Linge for & given songtant presaure shen beoome the relative 
Gaplifieration faatorea of the sounter tube “seaming the gain 
ee@tting for the loniastisn region represented en smmlifie 
eation of unity. Surves of amplifiention factors sre plote 
ted in Figure 7. 

A 4Laariminator ourve wee run on the internal Po ® 20 
gouree. Data ure given in Txble 1, ond the ourve ia plotted 


ia Figure 3. 
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Sinse she terget fer aoxttering frow orgon Lee gia 
eoug torget, it wag meseenary to regort to -@°cmal meseure}- 
went? of the geometry ef the revotion volume to determine 
the terget thieknees from whish the enermy eerend in the 
sarges wag computed, Timilsrly, the a@ietances from tarzet 
volume to vengitive volume of the oounter were menvured. 
These dietances sre recorfed in Table II flomr vith other 
exverimentel mesourementt. 

The #2114 ongle «t the resection subsenicd by the 0.06" 


entry port a3 the counter wall wee commuted to be: 





@a, = z. steradion for the mean digtance of 7255 athe 
J144 


from target Se entry port. “tinee the entry port kee a dite 


meter of 0.06” or 0.152 am. the sommontation fe: 


da. = 10.152)" 7 = - eter ad ian. 
4x (7.58)* 3144 


Pros the geometry of the veartion golilm tor the perellax 


eubtended by she terget La computed co bes 
40, = het = 0.0865 reaaian 


The werintion in secttering cngle (leberatery eystvem) Le 


therefore, 


F + 

_'' @€6 == 1.9° 
é @ 

ke 
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The lsbvoratory santitering tagle i¢ ihen, 
@ = 160° 2 a,0°, 


weak: Svloenleriovune 





The venreralon of saatiering Sngle from the labora- 
tory eyatem to the aenter of tmeqaa evetem ta ? goon li shed 


by the relation, 
u 
Q 2« OF erszin|.._© ain 
ona art 


whereQ 2 soattering ungle, center of mca 
bn es seattering angle, lcborntory 
iy = Mea of proton 


A 


g Mea of saatltering nnoaleus 


= 


Sebetituting voluee for mise of orgon nuslens oni labore 
Story tngle, 


£BeG190 + rrastin |Z oS] - £6618" + 0. 
Cae = + erase! a [2 = 0 els? 618M + ES one) 


O.. » 86208 (retina) 
=~ 181°45.1' 


The reduee? mer of the proton Yor elaetia enliLelen 


rith an a mslena is: 


Ue a 2 S 0.982 #tan 


2 1.660 x 10°84 pron, 
Energy cotmvreraion from the lishorstory ayetem to the scntere 


of-maas system iq given by: 
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In order to determine what the enerey of the proton is 
at the goettering malena, {t le nesegatry te atleulate the 
lows ia energy of the beau while pieting through the nickel 
window «ni the filling gae between the tintow ané resesion 
volume. 

shilton” hee gompute! the energy thiokness of the 
0.00005" nickel f012 wintew for virloue energies of protons. 
The energy of the benm mime thie vine ia the net enersey 
evaileble in the retoSlon chember at the window. Thies hee 
been plotted ca Curve I in Pigure 10. 

In computing the lose in energy ine 30 poseage through 
the filling gse, we mixe uve of the range tablea for mre 
éygon baged on experimental snd theoretio 1 sonelderationa 
by Hirvsehfelder ani Ungee”5, Theve data ore plotted ag # 
range gurve in Figure 9, The presence of 107% C0, fa not 
soneidered to effeat the aorrectness of the anloulations 
oving to the uneertainities of the besio aata ond She In« 
soonrsoies of menwurenens of the ¢leenslons of the anpcurae 
Tate 


furthermore, the prevenge of 10% Ci, 19 not sonmitered 
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to have sny eppreaicble effeat on the intensity of Coulomb 
eeattering intganeh &s the croge-sestion for thia tyne of 
ttering Ie proportional to the fourth power of 2. The 
average 2 for GO, ia 7.5 while for 4 it ig 18. “he ratio 
of erese-geation due to argon to Shet due to oO, (bese on 


90% A, 10% Coy) ie: 


4 
Th = 218 x 0.9 = 945 x 20° = 560 
T0,  768* x Ol 187 


In other vords the maxismm error in neglesting the 10% a0, 
ie ebout 0.2%. 

Ve may proceed to » a leulation of the enerry loeser 
in the wariona nsorticns of the reastion and sounting cham 
bere using the experimental nensnrements ‘ni the range 
surve for argon. ‘The filling gas fe at a preseure of 75 mm 
Rg go all range mesqurements muet be redused by the feator, 
75/760. 

fable IfI ia a somputation of residual rengea ond aor- 
regnonding energiea in »rgon “t the extremities of the re= 
eetion volume for various initial berm enerzies. The dif- 
ference hetween these energies is the avread in enerzy of 
eleetioslly seattered wrotons due to thiaeknews of the 
gaveous turget. 14 is one factor in the experimental rer- 
olution. 

Table IV i9 & somputation of reniftual rengea tnd cor- 
responding energies of elastiolly seattere? pretona upon 


reaching the veneitive volume of the sonnter. “he spread 
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~tar Bee wee Jawilews To eulewraneee © «f VT wieey 
wen axuset Some teoe 9L2-cl/nats Is weiss pei heey 
weet «f .wicee eff to wufer wri limes whl perenne 


in theee energies le «© menmire of the differenae in palse 
@ise#e nroduced by the proportional suunter. If will be 
noted that a lerge epread in these energies #111 zive en 
Bpmarent inereage in aounting rate os energy ir increaved 
Sbove the threthold enerzy for sounting, sontrary te the 
theorezio:l reainrogal relation ef Coulomb seattering to 
energy aequere? (Pigure 3.) That is, the counting rate will 
insreage antil the entire eprend of elagtieslly acatteres 
protone are entering the pronortioenn] sounter. “hie ovsure 
when the seatteret proton bhg en energy (laboratory syetem) 
of sbont 635 kev. ‘This value fe arrived "% hy taking the 
dietanee from target to eounter (see Pig. 9} which ta the 
range of the minimum enerzy “hich ain juat reash the sounter 


or 515 kev. «nd adding the straggling of 20 Kev. 


Semple Computation for Teble ITI. 


Betm ener sy 1 Mev. Range 2.86 om 
lege in Ki windew “0.145 Mev. 
Eat internal fage of Ni 06,855 “are BeOD Oe 
“Letenee $0 retetion volume: 
Kinimus 1.50 o@ Fyqulvelent Tange O.12Ge0m. 
Moximam 2055 = Oe BBO 


Reg@l4acl renges of elsatievlly proton: 
Wexlwum, £.03 «~ 0.128 2 1.90 om Pnergy, Oe BED diets 


Kinimus, 2.03 =~ 6.239 2 1.80 om Oe 792 * 
Uneray thiexneas of target, 0, Q29 Meve 


Avert&ge energy of elsatiovlly vanttered protons, 0,906 * 
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Staple Compatution for Treble TV. 


Reaction rangea and energies: R & 
Meximum 1.99 Ge 0.820 Mev. 
BRininum 1.80 ome 6.792 ”* 

Diatances to sensitive scolume: Equiveient ranges: 
Bax tmun 15.4 ome 1.928 on. 

Ei Ln Laren 9e4 Gide 0.929 om 

Residuel ranges end energies in aeunter: EF R 
Mextwoum (1.90 ~ 0.929) 0.97 om. 0.615 Mev. 
Minieum (1.30 - 1.029 0.77 eit. 0.427 “ 

Spread ia range, e820 OMe 

Spread in energy, 0.086 Nev. 

Aversge energy of sounted protons, 0.476 ” 


Spresd in soetual diatance travelled in counter, £2.12 om 
Thie ia the worst possible sondiition ond not the moet pro- 
bable. To arrive at the most probable spread in enermier 
ond therefore pulse aizes and energy resolution, we may 


treat the vsabject completely ne 6 straggling problem. 


Stragelinge 

¥> aecount hig #0 fer been taken of atraggling in the 
niskel foil or in the filling g2e, or of beam resolution 
due to @lit width. 

Straggling in the niexel foil «ni srgen géea hee been 
treated es far ag pregent theory pernita by chilten™® who 
hes somputed the straggling for the portiaular a@ ge from a 


formuls oredited to Madsen and Venko teswarln’®, 
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where, 


stonderd deviett n energy loce (era) 
weight of portigle 4, - . . 
« thisknees of etorring medium (fom } 


44 bt 


2 
i 
% 


wmbatitating deta for Hi foil of thicknera 0, 00905" 
fequivelent to 1.15 mg/om") zielde: 


z “16 = 


~4 
« 6.328 x 19 MeVe 


EGS ™ . 
mt 2 O.0981 Kev. 


2 


Por the gta from wintow to resection volume the tverage 

digtanoe ig 1.9% an. At stmoevherfo prenenre one oenti~ 
meter of the gi2 Le equivslent to 1.78 x 20" g/ou. Por 
182 am. of gia st 75 wn. presenre ve fint the thieknesae 


to be: 


od 


lef x 1.78 x 107° x a 2 5.80 x 107" @/am 


Sabatituting thia inte the formuls we get for the gue: 
at = 00243 2 107° erga? 
& 


wh 
0.0559 x 10. Mey" 


oO & O.°O0LS6 Meve 
A bd 
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“@ way seoume from ‘he geometry of the reaction voi- 
ume thot more than 50” of the reaotion txkes place in a 
geometries] 50% sone etradtiing the mid-point of the tare 
get. Therefore, if the extreme enerzsy epread in the tare 
get i9 EB kev. (for eninitial beam enerzy of 1 Mev.) we 
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oon Seaame thet more then 50% of the els ationlly se. ttered 
protons will heve &n energy spread of leave then 14 kev. 

I? we songider thie s¢ 8 form of etrag@ling we mey sonmbine 
thia figure with the straggling due to the Hil window and 
thet due to ges between window end terget, and with the 


beam regolution of & kev. defined by the 1 mm, elit. 


1/2 
ie = a ” + Pig + Py / 
i @lit X1 A berg 
~ aif, 1/2 
= | tes - 82.5 = 5.6 = 196) x 10 | Mev. 


~~ 0.0176 Kev. 
Thie ia» eonservitive welne for the mo#t probrble experi- 
mental regzolution ettteined in the eli etic senttering re- 
Setion. If the mean energy &f the Sarget ig 0.806 Nev., 
the experimentsl resolution iy therefore 2.2%. 

vurvwe II xf Figure 10 ia the wean energy of the reo 
"ation va. the beam enerz7. 

Curve IfI ef Figure 10 ia the menn cnerzy of eleaeti- 
eslly seattered protons resehing the sengitive volume of 
the oounter. The wensitive volume reletive to target is 
indiested en the range curve of igure 9. ‘hie shown that 
en @lestioally eeattered proton with on energy of 0.515 
Beve Will just reach the vengitive volume 2% 6 preaenre of 
75 um. He ona that a seattersd proton of 1.020 Vev. energy 


will reeeh the extreme limit of the venvitive volume. Since 
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the Bragg loniz sion curve shows that the m- Jor vortion 
of lonisetion of ¢ chirgeé pertisle travelling through a 
gs is meer the en4 of ite track, the pertisles vith an 
initicl renotion energy of 0.9 to 1.60 Mev. will be most 
efficiently sounted #% « preseure of 75 mee Mg “hie is 
the senditien desired for inveesige.ing a retonsnee level 
neor 0.900 Mev. 
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Gome of the experiment: 1] aiffisalties ensonntered 
were: (1) awe of « niekel viniew recuired beam energiee 
gongiderably in exeeas of energies desired in the reaction, 
(2) requirements of & moserate gounting rate neceneitated 
& mall regtrieling spertare which ont down ion current 
approximetely to Oo] so 9.5 misresonlombe, (3) a 1 mm 
#lit for modest beam revolution sombined with the re-~ 
atriating beam «perture required aome Zineeve in eligning 
epraratus, and (4) gus preesure in the resotion and aount~ 
ing shomberg hed to be reduced to 50 mu. (He) sreasure 
in order te reilee the ainimam energy of goenttered protenes 
reiching the sensitive voleme. “he exten: of the rensi- 
tive volome et 50 om. (Hg) hea been addet to the runge- 
energy ourve in Pigure 9 in edaition to the delinen- 
tien of thia region for 75 mm. (He) preeeure. VYith thie 
preeseure the minimum energy souttere’ pretona, which 
reach the veneitive volume, 1¢ 375 kev., ini the energy 
of protons vhioh juet resech the frr ent of the vensi-~- 
tive volume fe 730 kev. This meine thet pretone which 
are gaxttered with an energy of grerter then 780 kev. 
will produce slightly legs lonizetion than thove jnet be- 
lew the 790 Kev. level. “hie “ee found to be true in 


setaal sper’tion; na songequently, ‘plifier gain 4 to 
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be 


be set up to about 14 In order this puivges world be Lerge 
enough to insure sounting 811 pretona vith + fixed bine 
Voltage. 

vo rune were wade counting the sauttered protong 
from ergon gre at 50 mm. (Hq) preseure. Fun #1 waa mode 
over the range of inaifent vreton energies froia 690 Keve 
te 1100 zev. inclusive. “he date for tiie run sre nlotted 
ia Figure 11. Thie ourve showa @ fefinite enomely at 
908 “eve An trbitrary Coulotsh gaattering surve ia eunere 
impowed ghowlng « definite rising trend »way from pere 
Gonlouab #aattering. Thiz oan be sttributed lergely to 6 
nuelear gentSering of the hard evhere tyne. 

“he Coulomb croes-seotion per anit zolif ingle ie: 

ae aLe* a 1 


8 4E ain (8) 


i 
where Es = pee (ergs) 





he redinecd moag of vreten 


£1.63 2 10°" «», 


The crogs-zestion per aniS solid angle fue to a herd 
ephere type of geatiering ts: 
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If ve meglest Intverferenge Bevveen Toulomh m4 smolear 
potential gastseriag ol aitribate the total erotr-veation 
so 8 om of She tea efregt, 

gq 20% * 7, 
Bow, the mumver of gol leale genscare” wrtislew sounte! in 
& wolld ‘angle of 21/8144 sverotian La: 
a6} sae { mea 
where mh, g ft wher of teatdent nortialer 

H « M@ber of *toma / ote 

% » ohisteneaa of target (am) 
& fa the oly poraceter pot Smeen wish any terree of coor 
eay, bat the shape of tue sosttertag retilon of the gragoure 
serge: ig that af a aerrow sone tatereeating & narrow 
egliater «% on angle of 50°, The extreme thigtuege of 
Serge. gestion ig 1.05 om, it the effeattive thisknesn Le 
qemewhere beGveen OC.h0 «mi 0,50 am. If we saeome thie ef~ 
feative thiexaege to be e860 cme Uke member of aolleated 
geattere” prtiglies «: oa energy of PO kev. bs 4000 per 
10e9 miovossulvabe. These aonditiong then renregent the 
exioling oontitions §* the erugs-aver of the now Ly. 

Using thie velae of + 9 0.305 om «al other exnerimen- 
So) @ebnditdonsa, the velaes of 0 anf a (6) vere commuted 
Gad Sabalated in Table Fe Theee sieusetions ure ani cone 
eidere? to be »a3 Of line from moet wobbly virenaatanses, 
@ai it will be mote? thas a plet of a (6) fer werious ener~ 
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gies fella very slove to the exnerimentsel curve obt* ined 
except for the anomely. 

Prom &@ ectlibration run on a Lif target the praten en- 
ergy «t the eroge-over of the anomély ie 505 kev. Exper~ 
imental resolution of only cbont 20 kev. prevents an bacarate 
leattion of the meximum ena minimum pointe of the sno- 
malye 

This resalt egrees well with the resonance level of 
900 kev. found in ergon by Brostr¢@m, Hung, aad toon™* an 
1948, It demonatratea slao thet anomalies in elsetic 
seattering of protone may be detested by this method of 
asing © proportion21 counter even for Atoms with Zenumber 
up to 18. 

A geoond ran wea mede vhicsh verifies net only the 
eiiletence of the anomealy «t 905 kev. but & emlier snomuly 
reaprecra nd ig euggeste? ae being superimposed on the 
principe] ome &t an energy of ebout 945 kev. There wee 
apparently © ahift in magnet cilibration between the firet 
run ond the segond; but the enerzy spread in the anomely 
end the energy difference between the two anomilies is 
the game. The firgt eslibration on the LIF torget ia tesumed 
eerreet. The seoond run ig shown in Fignre 12. A very 
Slight veriation in sounting rete ts note? but this may 
be dune to insenaraey in edjueting the gs preeaure in the 


chamber. 
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The magnet elibration ta Uiitented on Pigares 12 
oml 12 with She smomily low tel it “OR kev. in Thmure 12. 

4 4igerlainster eurve on sect vere’ prolong at energy 
ef 65° xev. ©: the pars of the ororertionsl ecunter is 
Shora in Figure 15. 


Sontingtonas 

(1) A rewomanee level tn &™ hee been Loonted hy 
meana of ton bomberdmens of a*0 ong obeervation of an 
onomly in the eleetio seattering wieocs thie level at a 
proton energy of 900 kev. { 210 ev.) 
| {%) The feergibliity ef aving * prorortional asunter 
te observe anomalies in thre eli etia eeanttering of a pen 
hee been gemonatrated,. | 

(5) Pleevie seattering in a*° «+ energies between 
720 und 1125 Kev. “ai at a leberetory soattering engle of 
150" follows slevely shet pre@leted from 6 somontation of 
the ditferentirl srosr-eestions due to ruperrovition af 
Coulvmd soattering nt seatiering frem an impenetrable 


Bvhere. 
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Aa etcted in Seation I, ome of the 41 ffioulties of 
peing the present tpperatus for golid torgeta t+ thet visnel 
cbeervétion of the beam ia cbstructes ind sligament ia ex« 
tremely difficult espeaially ginse the very sore of the 
preten beam sugt poss through = collietter of oniy 0.12" 
Slame ter. 

A plight moéifleation ann be made by sonstrnating «4 
Beveble mow\tineg for a aclid trrget ga a eganli ehatt ine 
verted through the wall of the reaction ahnmber or Pernftay 
gage, pieces (£2) and (3) of Pigure 5. 4 Wau een gland 
woald, of acuree, be neseasiry to avold lowe of preesure or 
veeuus in the chamber. “Ath thie sodifieution, = solid tare 
get @eouléd be mounted, the &npkretue slosed and evuen* ted, 
and with the Sirget swung out of the line of gight, the 
berm gould be viensliy monttore! tnd the aperratog alipned,. 
Then, the target sould be evung beck into the proper posi-= 
sien for biomberdmens. 


Gaseous Targets. 
Vlth the tee of # thin mien cladew over the entry port 


of the counting ehumber, 1% wanld be poszible to have one 
gua wiatare in the proversional soanter end anether in the 
renetion ehamber., Zotnurzlly, senirate gee filling oonnee- 
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ena & Fosuus senmection would hove to be ineorporhtel 
fer the reeetion ubimber ainse it rould be Laoleted 
from the gousting sh: sber which now acrriee the gaa 
filling esnnestiona cnt vaeuam aonnect lon. 

With thie mdifiection it woul? be poagible to obe 
serve eegittering ond perticle reaennnee resciione in dif) 
ferent gs ees while et111 Reening the sounting gv a the 
PUME 
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Vil. TABLES 


SABLE I 


Diseriminctor Curve on Po 210 Taternsl jonuree. 


Preaagure 200 mm Ye 


Gentrel Wire Volt: ge, +5900 volte. 


fidge time, 0.4 amleroseconta, 
Using HNolel £05-3 Premmyplifier. 


Amplifier Goin, 2. 


Riesrimimator 
Bice Voltage 


2 

5 

10 
LE 
20 
25 
30 
3k 
35 


Alrhas 
founta 


218 
201 
144 
148 
156 
138 
156 


= or 
ae 


135 


3G 


rer minute 





TABLE IX 
ELPH WANT AL MANU” OMENS 


Biekel “indew to Resotien Volume; 


Binimim 1.50 om 
Kex imum 2.53 OM. 
Keen 1.82 om 


Recreation Volume to Benaitive Volume of Propertional Connter: 


Uintoan 9.4 ame 
Me xian 10.4 om. 
Mean 9.9 am, 


Genter of target Volume to: 


Heer M™é of Seneitive Yolume 9.9 om 
Far Pad of Sensitive Volume 26.9 om 


seng>h of Fenaltive Yolume: 17.0 om. 

Length of Kesxetlon Collimstor: “eG Be 

“Lameter of Collimetor Porta: 0.06" (6.182 om.) 
"“hierneaa of Miekel Foil Window: 0. 0N005"(0.000127 om.) 
Leberttory teattering Angle: 150° + 129° 

“hemeter of Becm Aperture: Qo" (2.54 mam. ) 
Jidth of Beam SLs: 1 mm. 
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MSLE TT! 


Somputetion of Rese-fton nergy of Protons re ) 





Epeum ****) 900 2000 1100 2260 
® go1, (Reve) 745 S56 965 L070 
Sange at foil (om, 1.65 £2.03 b.45 2.86 
A R O..05em, } 08 208 208 008 
Ry Com} 1.57 1.96 e336 ie 78 
AR, (203% ame} 015 015 olf oh 
Re fom} 1.80 1.88 £_28 Rel 
B, lev.) 719 B30 940 1080 
By (heve) 696 G12 Lie 1058 
At (kev. } 22 18 28 1? 
AR, (2.82 om.) olf re 012 012 
R fom) 1.65 1.92 Beil be 74 
z. (weve) 706 a20 931 1042 


AB 2 fre oiniaem ont mxims thiokness of gna in 
ghember at 50 ma, (Me) pressere reduced to equivalent 
renage &t 760 nae 

Valuer of Ep.) cre plovted “e Curve T in Figure 10. 


Y ines of es re plotte? an Snurve If to Pignre 10. 
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DASLE IV. 


Energies of Fleatiesll 
ef Sounter (X,) 


Sentteres Protene St Mbtry Pert 





5 (ev. ) 200 LOOG 1100 1200 
E. (able (11) 706 B20 931 1042 
E, (Ey x 0.975) 639 B00 909 2019 
R, fom.) 1.47 1.83 2.22 2064 
AR, (9.4 om.) 062 «62 062 262 
Ry (am. ) -65 1.22 1.60 2.08 
AR, (10.4 om.) «65 .68 69 068 
Rp (em. ) 279 1.15 1.54 1.95 
Ey (kev. ) 466 601 TO 853 
E, (kev. ) 440 568 707 830 
AE (xev.) 26 24 25 23 
AR, (9.9 om) 065 065 065 «65 
Ry (om) -82 1.18 1.67 1.99 
Ey  (kev.) 458 593 720 A4E 


AR, zg Sre mintwun on4 mexiwun dlatanse from target 

* 

So entry port of sounter reéreeat to 760 om (Hg) preseure 
Se in Mable III. 


Vo ines of ‘. ere plotted ea Curve [[I in Figure 10. 


«= 6@ « 





‘@G « 








o~ 
a) ts ‘ 
. 
~— : 
- 


Vitsiiz 
y= 
wun ieeeess aida 


| icone aaa. 
Bblai aias 2428 


puaes iiat vai a3 


s 


Ct ey seemed mento fy oem 
eters ial! ae Ht a Creetny veenee fe tame anton at 


--— 


towel 








= 


. ~~ AA pet a 
MS Veet ur ree MRNA oe LF D0 eae? 


> 


ay 


@ - =_——= 








TASLE V 


Theoret ioal 


of Seettered Pretons inte 





1/8144 2% an Angle of 150° 


z (Mev. ) 0.700 0.800 6.900 1.000 1.100 
BE ( x 206 exaa) lel2 629 044 1.60 1.76 
v(x =— 8) Ul? 1625 1623 1649 1.47 
a4 x i ona } 3.46 Se 24 3.04 2,89 2.76 
(rad. ) 932 «4994 1.060 1.214 1.167 
S54 
“(degree s) 53.69 56.959 69.76° 63.8° 66.9% 
ain’ (SA) 2644 .702 «761 .805  .846 
z 
4 (barna) 3688 3.35 2.95 2.66 28.45 
Tv (borna) 2.46 2654 28.26 2e14 28.05 
T fbarne} 0939 075 ef 43 04) 
om (darna) 30468 3-209 ee 56 2eG6E Be 45 
n (60) 48380 4380 4900 S670 5450 
y 2 
A aa 
c. a 7 ein ( Es) 
£12 
z Fa 3 
qe re vin¥/e) 
2 
e + 
T 20, o. 
n(O)= noNto /5144 


= 65 « 


ca 


& 2 OsS566 OMe 
n,= 6290 x 10°” provone/1.0.9 


17 ue 
321.77 210 atome/ae. 


TABLE VI 


Ddeseriminator Dats on Seatteret Protons. 


E. - 650 kev. ‘4% sonnter port. Counter preagure, 50 mm 
(Hy). 

Sounter valtege, +620 volte 

Gag: 90% A; 10B * Gh, 

Sige time, 0.2 msec. 

Asaplifier Gain, 14 


Sine Voltege Counte/ 1.6.9 nd. 

5 4697 
10 4158 
z0 4271 
50 4240 
40 41ie 
50 $952 
55 3402 
60 3260 
65 £199 
70 938 
76 247 
30 8 
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